Abstract: This paper presents an active-reactive power control strategy for voltage source converters (VSCs) based on derivation of the direct and quadrature components of the VSC output current. The proposed method utilizes a multivariable proportional-integral controller and provides almost completely decoupled control capability of the active and reactive power with almost full disturbance rejection due to step changes in the power exchanged between the VSC and the grid. It also imposes fast transient response and zero steady-state error as compared to the conventional power control approaches. The applicability of the proposed power control strategy for providing the robust stability of the system against the uncertainties of the load parameters is also investigated. The superiority of the proposed control strategy over conventional approaches in the new condition of supplying the load is demonstrated. The theoretical aspects of the proposed multivariable-based power control strategy and the conventional approaches are reviewed and simulation results are presented in two separate sections. MATLAB/Simulink 2009a is used to simulate different scenarios of the simulation.
Introduction
Utilizing renewable energies such as distributed generation (DG) has become a great concern for utility grids to provide sufficient electrical energy to supply domestic and industrial requirements in a clean world. There are many types of these generations, including wind energy [1] [2] [3] [4] [5] and photovoltaic and fuel cells [6] [7] [8] [9] . Many of these technologies adopt voltage source converters (VSCs) as an interface of distributed generators because of the nature of the output voltage. VSCs give us advantages including easy controllability and the capability to control circuit parameters like the voltage, current, or output power of the DG [10] [11] [12] [13] [14] [15] . There are three types of control strategies adopted for the VSCs: 1) active-reactive power control (called PQ control), 2) active power-voltage control (PV control), and 3) voltage-frequency control (VF control).
Many approaches utilized proportional-integral (PI)-based controllers to regulate the target variable at the desired level. PI controllers are universally known because of their simple implementation and tuning and for providing fast dynamics and zero steady-state error [16] . These controllers are always used for various applications of current regulation [17] [18] [19] [20] [21] [22] [23] . Regulating a variable in a rotating reference frame (RRF) is defined when time-varying variables (AC variables) are transferred to an orthogonal space like the dq0 domain, in which the frame rotates with an arbitrary angular speed of ω. This makes the variables appear as time-invariant quantities. Therefore, the designed controller can act like a DC/DC converter with zero steady-state error by providing an infinite gain at the operating point. In these methods, the controller should have the capability of decoupling the dq axis components of one variable such that the unwanted disturbances applied to one axis do not generate significant transients on the other one. This capability provides independent control of the desired variable, which could be the output current or the power of a converter.
In [24] , a multivariable PI-based dq current control strategy based on a different design procedure than the conventional approaches [25] was proposed to reach the desired decoupling between the two d and q axis components of the line current. The presented method provides much less transient effect against incoming disturbances and zero steady-state error on tracking the reference values; moreover, it has a simple structure and is easy to implement. However, in the utility grids, due to changes in the demanded power imposed by the loads, what is important is that the distributed generators with power electronic interface could supply the requested power. This could be possible by applying the appropriate methods. The decoupling capability between the two d and q axis components of the current is also applicable for the active and reactive power exchanged between the VSC and grid. In [26] , a classical droop control method was utilized to achieve the grid impedance. The virtual real and reactive power frame transformation was then used to result in decoupling power control capability. Wei and Kao [27] proposed a power control strategy based on placing a virtual inductance at the inverter output in a low-voltage microgrid. The impedance voltage droop and the local load effects were considered to prevent the coupling between the active and reactive output power, but one of the problems of the conventional droop control method is the assumption that the output impedance is mainly inductive. To avoid using extra output inductance, fast control loops were added to the droop method [28] . In [29] , a control scheme was utilized that used the voltage and current variation at the point of common coupling due to small changes of the VSI power for estimating the grid impedance so that power flow control could be possible in all conditions of the grid including on-grid or autonomous mode.
In this paper, the application of a multivariable PI-controller in the power control strategy for VSC-based DG has been presented. In the proposed method, first the reference values of direct and quadrature components of the converter output current are determined directly from specified power references. Because these values are proportional to the active and reactive output power, respectively, a controller is then utilized to regulate the output power at the desired level. The capability of the designed controller has been shown from various points of view: 1) improvement of the transient response, 2) zero steady-state error in tracking the power reference values, 3) capability of minimizing the effect of step changing in output active or reactive power on one another for decoupling control capability of these powers, and 4) robust stability of the controller against uncertainties of load parameters. MATLAB/Simulink 2009a has been used to simulate the different scenarios of the simulation.
System description and modeling
A single-line diagram of the three-phase test system adopted for evaluating the performance of the proposed method is shown in Figure 1 . In this system, a distributed generation unit is connected to the grid through a VSC interface module, with a series line reactor as a filter to reduce the harmonics generated due to the VSC and finally a coupling transformer to reach the grid voltage level. The DC side voltage of the VSC considered is constant like a battery. The internal resistance and inductance of the filter are considered as R t and L t , respectively. The inductance of the coupling transformer is latent in the filter inductance. The numerical values of the test system elements are given in the Table. 
Mathematical model of the test system
In this section, the mathematical model of the three-phase test system and its structure diagram is derived [30] . Based on Figure 1 , which shows the structure of the test system, writing the KVL from the PCC bus to the converter terminal results in the dynamic equation of the VSC in the abc frame as below:
To design an applicable PI-based current controller in the rotating reference frame, Eq. (1), which is the dynamic representation of the system in the stationary rotating frame, should transform to the dq reference frame that rotates by the angular speed of ω. This transform could be done by the following expression:
Eq. (2) transforms any abc quantities into the rotating frame, where K s is defined as below:
cos ωt cos(ωt − 120) cos(ωt + 120)
sin ωt sin(ωt − 120) sin(ωt + 120)
Therefore, the dynamic equation of the system in the RRF could result as in Eq. (4), in which the zero sequence has been neglected.
The real and imaginary parts of Eq. (4) could be separated to achieve the dynamic equation of the system on the d and q direct axis in the RRF, such as in Eqs. (5) and (6) . The block diagram of the test system is obtained in the dq frame by adopting Eqs. (5) and (6) and it is shown in Figure 2 . 
Proposed PQ control strategy
One of the main goals of all power control strategies is avoiding the coupling between active and reactive power to fulfill an individual power control. The main structure of the conventional power control schemes is shown in Figure 3 . As is clear, in this structure the references of the d and q axis components of the VSC AC side current are obtained through two PI controllers by comparing the real and reference values of the active and reactive output power.
In this paper, the PQ control strategy proposed for fixing the active and reactive power of the VSC at the desired level is based on directly extracting the reference values of the VSC output current on the dq direct axis from the active and reactive power references without utilizing any PI controllers. The proposed method reduces the number of required controllers from four to two by removing the first stage of the structure, as shown in Figure 3 . The second stage of Figure 3 , which depicts the inner current control loop, was surveyed by two current control schemes to investigate the performance of each scheme. Considering the d and q components of the VSC output voltage and current, the instantaneous active and reactive output power could be represented as:
where V sd and V sq are the dq direct axis components of the output AC voltage and are fixed by the grid.
Therefore, they cannot be controlled by the controller.
The dq components of the output current are obtained by considering the matrix inverse of Eq. (9), which is the matrix representing Eqs. (7) and (8):
Substituting P s and Q s equal to P ref and Q ref respectively in (9), the dq current references are achieved as follows:
The obtained dq axis references are then applied to the current controllers to achieve the desired level of output power, such that the sudden variation in the active or reactive power demanded by utility appearing as step changes does not have a significant effect on the other one and possible controls on the active and reactive output power can be done independently. The proposed PQ control strategy can adopt various types of inner current control loop. Two kinds of current control strategies have been utilized as the inner loop and they are compared in the next sections to achieve better control of the output power of the VSC. This decoupled power control strategy is suitable for small-sized DG to manage the output power and reach the maximum power point tracking, especially in microgrids.
Controller design
This section investigates the application of two conventional and multivariable PI-based controllers [24] for regulating the output power. The design procedure of each controller and the manner of utilizing these approaches in power control strategy are described individually.
PQ control strategy based on conventional PI-controller
In this section, the conventional PI-based current controller as the inner loop has been designed considering the mathematical model derived in the previous section. The main structure of the conventional controller has been reviewed in many studies based on Eqs. (12) and (13) . These equations illustrate how the dq components of the terminal voltage should be controlled [31] . Eqs. (12) and (13) in Eq. (4), the control signals could be obtained as follows:
Thus, the transfer function of the system to reach the d or q axis component of the line current could be acquired by Eqs. (14) and (15) as below:
where (12) and (13) is implemented by defining the feedforward and feedback signals from the dq components of the current and the PCC voltage, respectively. Figure 5 shows the structure of the proposed power control strategy that adopted the conventional current controller based on Eqs. (12) and (13) . The effect of the pulse width modulation and the sampling and measurement time delays has been considered as a simple first-order transfer function, G P E (s) [32] . Incorporating all these transfer functions, the open-loop transfer function of the decoupled system can be represented by multiplying the transfer functions G R (s), G P E (s), and G s (s), as follows:
The transfer function of the PI-controller is chosen such that after a zero-pole cancellation, the G o (s) could be simplified as:
where T i is the integration time constant determined by considering the phase margin for the system transfer function G o (s). By adopting the feedforward signals as shown in Figure 5 , the effect of the coupling terms ωL t i d
and ωL t i q is canceled theoretically. Therefore, according to Eqs. (10) and (11), which show the dependency of active and reactive power to i d and i q , it could be inferred that these powers could be controlled independently by adopting the current control loop as an inner loop after obtaining the current references from the specified power references. Therefore, the power control could be considered to be decoupled too, and then the decoupled system has been deduced. However, due to uncertainty of the circuit parameter values and measurement errors, it is practically not possible to have a fully decoupled system.
PQ control strategy based on multivariable PI-controller
Contrary to the introduced conventional PI-controller that utilized the feedforward signals to minimize the coupling between two axes, in designing the multivariable current controller the plant inversion technique has been used and is described as follows.
If Eq. (4) is the dynamic representation of the system in the RRF considered in Laplace domain, since the PCC voltage has been kept constant by the utility, the dq components of the V (s) can be applied as negative feedforward signals to cancel its effect. Thus, the transfer function of the system according to Eq. (4) is deduced as:
where T s and K s are the same parameters mentioned in Eq. (16) . The term jωT s causes a coupling between two axes in the dq frame. Therefore, the open-loop transfer function of the system is obtained such as in Eq. (17) by adopting the above transfer function of the system.
G R (s), the transfer function of the PI-controller, is chosen such that after a zero-pole cancellation between G R (s) and G s (s), the coupling term jωT s is removed. Thus, the transfer function of the PI-controller is chosen as follows:
where the time constants T n and T s are considered to be equal. Therefore, the final expression of the system's open-loop transfer function is simplified as:
where T i is the integration time constant and K is equal to K cm K s . Absence of the jω term in Eq. (22) causes the desired decoupling between the dq axes. To implement the structural diagram of the multivariable PI-controller utilized in the system and achieve the control signals in each direct axis, Eq. (21) is decomposed to real and imaginary parts as derived in Eqs. (23) and (24) . Therefore, the block diagram of the proposed power control strategy designated based on the multivariable PI-controller could be depicted as in Figure 6 . It can be concluded that because the integrators have been applied on the coupling terms, the effect of the two axes on each other is significantly reduced compared to the conventional approach.
Simulation results
In this section, the performance of the two proposed controllers is evaluated from three points of view : 1) decoupling capability between active and reactive power exchanged between the VSC and grid; 2) tracking of the references signals of two kinds of power, which is determined by the utility, and the references signals of dq current components, which are produced by the proposed method in Section 3, 3) and fast dynamics and transient response. Each control strategy has been tested when sudden stepping up/down changes happen in one power reference value while another is kept constant. First the conventional case is investigated. Both the active and reactive power injected by the converter into the grid are assumed to be 0.8 p.u. At t = 0.3 s the active power value changes to -0.7 p.u. and at t = 0.35 s it steps back to the previous value. In the whole of this interval, the reactive power value is kept constant. Figures 7a and 7b illustrate the changes in the reference of the active power while the reactive power is constant, also depicting that, due to the step changes in active power, the reactive power experiences a significant transient. Therefore, in this control strategy, two kinds of power are not fully decoupled from each other. Figures 7c and 7d show the variation of the reference value of both the dq components of the VSC output current corresponding to step changes in active power reference. It can be inferred that there is again untracking and significant transient problems in the dq axis components of the line current while the step changes happen. To evaluate the performance of the multivariable PI controller, it has been considered where the active and reactive power injected by the VSC to the grid are fixed at 0.8 p.u. At t = 0.3 s the active power steps down to -0.7 p.u. and at t = 0.35 s it comes back to the previous value while the reactive power value is the same. Figures 8a and 8b show that after step changes in the active power reference the output active power of the VSC is rapidly regulated at the desired level with almost zero steady-state error. It is clearly specified that, contrary to the conventional power control strategy, the reactive power of the VSC experiences much less transient effect and better reference tracking due to step changes in the active power. It also imposes more decoupling properties between two kinds of power. According to Figures 8c and 8d it can be concluded that there is much less transient and better tracking in the dq axis components of the line current due to step changes in the active power reference. A similar test is carried out to evaluate the performance of the two represented power control strategies during the step changes in the reactive power reference while the active power is kept constant. It has been considered where the active and reactive power injected by the VSC into the grid is 0.8 p.u. At t = 0.3 s the value of the reactive power steps down to -0.7 p.u. and at t = 0.35 s it steps up to the previous value. In the whole of this process, the active power value is fixed at 0.8 p.u. Figures 9a and 9b show that the output reactive power tracks its reference with almost zero steady-state error. It is clear that due to step changes in the reactive power the output active power undergoes significant effects while its reference is kept constant. This indicates the inability of the conventional power control strategy to fully decouple the powers. They also do not track their reference value well. power is rapidly regulated at the desired value with almost zero steady-state error. It is clearly specified that, compared to the conventional controller, the active power of the VSC experiences much less transient and much better reference tracking after the step changes have happened. This implies the superior decoupling capability imposed by the multivariable PI based controller. Figures 10c and 10d also depict the variation of the dq current components and their reference values corresponding to step changing in the reactive power. It can be concluded that there is much less transient and better tracking of the dq axis components of the line current during this interval.
Robustness evaluation with uncertainties of load parameters
This section examines the performance of the two proposed controllers with uncertainties of the load parameters in two different conditions. In each case, while the power references are changed by the utility suddenly, one load variation is imposed on the grid. After that, the power reference steps back to the initial value to evaluate the applicability of the proposed control strategy in the new situation of supplying the load. Two inductive and capacitive load changes have been investigated. Changing of the load value has occurred at time instant t = 0.35 s and after it the load contains a new condition. It has been considered in each case where the load changes abruptly occur when the converter is operating in the worst condition of supplying the load. Therefore, the reactive power exchanged between the converter and the set of the load and grid is determined independently for both cases. In the case of capacitive load, the reactive power injected by the VSC steps up to 0.5 p.u. from -0.8 p.u. at t = 0.35 s while the active power is fixed at 0.8 p.u. The simulation results are shown in Figure 11 . In the second case, the inductive load has been investigated. The reactive power injected by the VSC steps down to -1 p.u. from 0.8 p.u. at time instant 0.35 s while the active power is kept constant at 0.8 p.u. again. For this case, the dynamic response of two power control schemes is depicted in Figure 12 . Interpreting the results at 0.35 s show that when the load changes are imposed, the system utilizing the multivariable control strategy experiences much less transient, especially in the inductive case, and moreover has better tracking of the reference values and develops the capability of more decoupled control of the active and reactive power. This is because the multivariable control strategy is not based on feedforward signals like the conventional approach. It can be concluded by investigating Figures 11 and 12 that at time instant 0.45 s the multivariable PI-based controller operates better when the reference values of the powers are set back to their previous values while the load enters into the new condition. 
Conclusion
In this paper, a new power control strategy has been proposed for VSC-based power conversions. Two kinds of current control strategies have been used as the inner loop of the PQ control structure and compared together to achieve better control of the output power of the VSC. The superiority of the proposed power control strategy based on the multivariable PI-controller has been evaluated in different situations of supplying the load. The superiority of the multivariable controller-based power control strategy in tracking the power reference values with almost zero steady-state error during the step changes at the load has been represented. It has also been demonstrated that the proposed power control strategy provides fast dynamics and less transient effect in the active and reactive output power than the conventional approach and has the capability of more decoupled control of the active and reactive power. The performance of the proposed control strategy in rejecting imported disturbances that occur due to uncertainties of the load parameters has also been investigated. It has been depicted that the multivariable-based power control strategy response is much better at the time instant of the load variation, having superior operation while the reactive power references come back to their initial values and the load enters the new condition.
